Capacitation encompasses the molecular changes sperm undergo to fertilize an oocyte, some of which are postulated to occur via a cAMP-PRKACA (protein kinase A)-mediated pathway. Due to the recent discovery of cAMP-activated guanine nucleotide exchange factors RAPGEF3 and RAPGEF4, we sought to investigate the separate roles of PRKACA and RAPGEF3/RAPGEF4 in modulating capacitation and acrosomal exocytosis. Indirect immunofluorescence localized RAPGEF3 to the acrosome and subacrosomal ring and RAPGEF4 to the midpiece in equine sperm. Addition of the RAPGEF3/RAPGEF4-specific cAMP analogue 8-
INTRODUCTION
Ejaculated mammalian spermatozoa are not immediately able to fertilize an oocyte but acquire this ability during transit within the female reproductive tract through a process termed capacitation [1] . In several mammalian species, this process can be mimicked in the laboratory by incubating sperm in a defined medium [2] [3] [4] [5] . Although the molecular basis of capacitation is still poorly understood, the ability of sperm to fertilize an oocyte has been correlated with time-dependent increases in protein tyrosine phosphorylation, the acquisition of acrosomal responsiveness, and the induction of hyperactivated motility in all species studied thus far (for review see [6] and [7] ). Previous attempts to capacitate equine sperm in vitro have remained elusive, as evidenced by low levels of protein tyrosine phosphorylation [8, 9] , low rates of acrosomal exocytosis [10] [11] [12] [13] , and low sperm-penetration rates when in vitro fertilization (IVF) has been attempted [14] [15] [16] [17] [18] [19] [20] . Recently, our laboratory has reported defined incubation conditions that yield significant time-dependent increases in protein tyrosine phosphorylation correlated with significant rates of progesterone-induced acrosomal exocytosis in equine sperm [21] . This supports the notion that protein tyrosine phosphorylation is a marker of sperm capacitation in equine sperm as it has been shown in numerous other species.
Although the molecular and biochemical changes leading to sperm capacitation are still under investigation, reports in species other than equine show that this process is associated with bicarbonate-dependent increases in intracellular cAMP levels generated by soluble adenylyl cyclase (ADCY10). Cyclic AMP then activates protein kinase A (PRKACA), a serine/threonine kinase, which then leads to downstream events including protein tyrosine phosphorylation [22] . The inhibition of ADCY10 and/or PRKACA abolishes protein tyrosine phosphorylation signaling and ultimately inhibits capacitation [23, 24] . In the horse, we demonstrated that the addition of the cAMP analog dibutyryl cAMP (dbcAMP) and phosphodiesterase inhibitor IBMX to capacitation medium increased the rate of protein tyrosine phosphorylation in stallion sperm. However, in noncapacitating medium devoid of bovine serum albumin (BSA) and/or bicarbonate, these cAMP analogues were unable to induce tyrosine phosphorylation of stallion sperm proteins [21] . This is in contrast to what has been reported in other species [2, 23] , and raises the question of whether unique molecular pathways are involved in supporting capacitation-dependent events in stallion sperm.
In this regard, a family of cAMP-activated guaninenucleotide exchange factors (RAPGEF3/RAPGEF4) has been recently discovered [25] ; as a result, a comprehensive reevaluation of pathways previously attributed to cAMP-PRKACA activation is warranted. Two isoforms, RAPGEF3 and RAPGEF4, have been shown to play roles in ion channel function, intracellular calcium signaling, ion transport activity, and exocytosis in somatic cells [25] . Interestingly, RAPGEF3 has been recently identified in ejaculated human and epididymal mouse sperm [26, 27] and RAPGEF4 has been identified in mouse spermatogenic cells [28] . Given the importance of the aforementioned signal transduction pathways in sperm capacitation, it is important to revisit the regulation of these pathways, which were previously attributed to PRKACAmediated events. Therefore, in order to investigate the roles of ADCY10, PRKACA, and RAPGEF3/RAPGEF4 in capacitation-associated events in stallion sperm, we used a variety of pharmacological agents: 1) KH7, which specifically inhibits ADCY10 and, therefore, cAMP production [24] ; 2) myristolated protein kinase A inhibitor (PKI), which inhibits PRKACA activation [29] ; 3) Sp-5,6-DCl-cBIMPS (cBIMPS), a cAMP analogue that is nondiscriminate in the activation of PRKACA and RAPGEF3/RAPGEF4 [30] ; and 4) 8-(pchlorophenylthio)-2 0 -O-methyladenosine-3 0 ,5 0 -cyclic monophosphate (8pCPT), which specifically activates RAPGEF3/ RAPGEF4 and not PRKACA [31] . In order to validate the use of these reagents in our laboratory, many experiments were performed side by side with both stallion and mouse sperm.
MATERIALS AND METHODS

Chemicals and Reagents
Calcium ionophore A23187 was obtained from Calbiochem (San Diego, CA). Tween 20 was purchased from BioRad (Hercules, CA). Antiphosphotyrosine monoclonal antibody (mAB; clone 4G10; 100 lg/ml stock; raised in mouse) was purchased from Upstate Biotechnology (Lake Placid, NY). PNA-Alexa 488, valinomycin, and 3,3 0 -dipropylthiadicarbocyanine iodide (DiSC 3 (5)) were purchased from Invitrogen (Carlsbad, CA). 8pCPT was purchased from BioLog Life Science Institute (San Diego, CA). PKI and cBIMPS were purchased from EMD Biosciences, Inc. (Gibbstown, NJ). The acquisition of the ADCY10 inhibitor KH7 was facilitated by Drs. Levin and Buck (Department of Pharmacology, Weill Cornell Medical College, New York, NY [24] ) and purchased from the Abby and Howard P. Milistein Synthetic Chemistry Core Facility also at Weill Cornell Medical College. RAPGEF3 (N-16; 200 lg/ml; goat polyclonal IgG) and RAPGEF4 (H220; 200 lg/ml; rabbit polyclonal IgG) antibodies and RAPGEF3 peptide (N-16P; 200 lg/ml), purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), were used for immunofluorescence (see Figs. 4 and 5) . Donkey anti-goat fluorescein isothiocyanate (FITC)-conjugated IgG (400 lg/ml) and goat anti-rabbit FITCconjugated IgG (400 lg/ml) were also purchased from Santa Cruz Biotechnology. The use of RAPGEF3 and RAPGEF4 antibodies purchased from FabGennix International (200 lg/ml stock, 1:100 dilution; Frisco, TX) yielded the same immunofluorescence results (see Figs. 4 and 5) . For immunoblotting, however, only the latter yielded a result (see Fig. 6 ). In addition, for immunoblotting we also tested custom-made antibodies [27] generously donated by Dr. Claudia Tomes (Laboratorio de Biología Celular y Molecular, Instituto de Histología y Embriología-Consejo Nacional de Investigaciones Científicas y Técnicas, Facultad de Ciencias Médicas, Mendoza, Argentina), which did not cross-react with stallion sperm, and no bands were observed for RAPGEF3 or RAPGEF4. Chemicals were purchased from Sigma-Aldrich, Inc. (St. Louis, MO), unless otherwise stated.
Sperm Culture Media
Sperm were incubated as previously described [21] in modified Whittens (MW; 100 mM NaCl, 4.7 mM KCl, 1.2 mM MgCl 2 , 5.5 mM glucose (anhydrous), 22 mM HEPES, 4.8 mM lactic acid hemicalcium salt, and 1.0 mM pyruvic acid) [32] . Negative control, noncapacitating medium was always devoid of BSA and NaHCO 3 and also served as transport medium. Capacitating conditions for stallion sperm were achieved by adding 25 mM NaHCO 3 and 7 mg/ ml BSA to the noncapacitating base medium, and the final pH was adjusted to 7.25 with HCl for both conditions. Capacitating conditions for mouse sperm were achieved by adding 15 mM NaHCO 3 and 3 mg/ml BSA to the noncapacitating base medium, and the final pH was adjusted to 7.35 with HCl for both conditions.
Semen Collection and Preparation
The use of animals for these studies was performed in compliance with protocols approved by the Cornell University Institutional Animal Care and Use Committee. Semen was collected with an artificial vagina from seven adult stallions of proven fertility, followed by visual evaluation of sperm motility under light microscopy on a heated stage and assessment of sperm concentration using a 534B MOD1 Densimeter (Animal Reproduction Systems, Chino, CA). The sperm rich fraction, obtained by filtering the raw ejaculate through filter paper to remove the gel fraction and debris, was diluted 2:1 (vol:vol) in prewarmed noncapacitating MW and transported to the laboratory at 378C for immediate processing. Samples were centrifuged in 15-ml conical tubes at 100 3 g for 1 min at 378C to remove particulate matter and dead sperm. The supernatant was then transferred to a 14-ml round-bottom centrifuge tube and centrifuged at 600 3 g for 5 min at 378C and resuspended in noncapacitating or capacitating MW to a final concentration of 10 3 10 6 sperm per milliliter. Samples were incubated in 500-ll aliquots in polyvinyl alcoholcoated 5-ml round-bottom tubes [33] at 378C in a humidified air atmosphere.
Mouse epididymal sperm were isolated using a swim-out method. Briefly, epididymides were placed into 500 ll of prewarmed noncapacitating MW in a 1.5-ml round-bottom tube and allowed to swim out for 10 min in a 378C water bath. An additional 1 ml of medium was added before centrifugation at 150 3 g for 5 min at room temperature. The top 1 ml of supernatant was removed, and sperm were resuspended at 6.6 3 10 6 sperm per milliliter. Samples were incubated in noncapacitating and capacitating MW in 300-ll aliquots in polyvinyl alcohol-coated 5-ml round-bottom tubes at 378C.
SDS-PAGE and Immunoblotting
Stallion or mouse sperm were incubated under noncapacitating and capacitating conditions for 0, 2, 4, and 6 h or 0, 30, and 60 min, respectively, in the presence and absence of various pharmacological reagents. For RAPGEF3/RAPGEF4 immunoblotting, fresh samples were washed as above and processed immediately. Following incubation or washing, samples were then processed for SDS-PAGE and immunoblotting on 10% polyacrylamide gels as previously described [21] . Briefly, samples were washed by centrifugation, and the final pellet was resuspended in sample buffer [34] containing 40 mM dithiothreitol. Samples were then boiled for 5 min. In an attempt to isolate the full-length proteins for RAPGEF3 and RAPGEF4 (see Fig. 6 ), additional protein extraction methods included using a commercially available extraction buffer (Solo Buffer; Fabgennix International) as well as a RIPA buffer (10 mM Tris [pH 7.2], 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1% deoxycholate, 5 mM ethylenediaminetetraacetic acid, protease, and phosphatase inhibitors [35] ).
The total volume of extract corresponding to equal numbers of sperm in each sample (5 3 10 6 stallion or 2 3 10 6 mouse sperm) was loaded on 10% SDS gels. Separated proteins were blotted onto Immobilon P membranes (Millipore, Inc., Billerica, MA) and blocked for 1 h with 1:10 (vol:vol) dilution of cold water fish skin gelatin in Tris-buffered saline þ Tween 20, which was also used for all subsequent antibody incubations and washes. Immunodetection of tyrosinephosphorylated proteins was performed using a monoclonal antibody against phosphotyrosine at a 1:10 000 dilution for 1 h and incubated for 30 min with goat anti-mouse horseradish peroxidase-coupled IgG. Immunodetection of RAPGEF3 or RAPGEF4 was performed using polyclonal antibodies at a 1:200 dilution for 3 h and incubated for 2 h with either donkey anti-goat (RAPGEF3) or goat antirabbit (RAPGEF4) horseradish peroxidase-coupled IgG. Immunoreactivity was visualized using enhanced chemiluminescence detection with an electrochemiluminescence kit (Amhersham Corp., Piscataway, NJ) according to the manufacturer's directions. Immunoblots shown are representative of at least three replicates with three different stallions and/or mice.
Immunofluorescence
Sperm suspensions (0.5 3 10 6 ) were washed with PBS by centrifugation (2000 3 g for 2 min at room temperature), resuspended in 125 ll of PBS, and allowed to settle on glass slides for 5 min at room temperature. Excess fluid was then aspirated off, and slides were allowed to air dry. Slides were fixed in 2% paraformaldehyde for 10 min, permeabilized with 0.1% Triton X-100 in PBS, and blocked with 5% BSA in PBS for 2 h at room temperature. Primary antibodies for RAPGEF3 or RAPGEF4 (200 lg/ml stock; 1:100 in blocking solution) were added, and slides were incubated at 48C overnight in a humidified chamber. Controls for RAPGEF3 were incubated in blocking peptide (200 lg/ml stock; 1:100 in blocking solution), and controls for RAPGEF4 were incubated in preimmune rabbit IgG (5 mg/ml in normal saline) at 48C overnight in a humidified chamber. Slides were washed with PBS and incubated with either donkey anti-goat FITC-conjugated IgG (RAPGEF3; 400 lg/ml stock) or goat anti-rabbit FITC-conjugated IgG (RAPGEF4; 400 lg/ml stock) secondary antibodies (1:200 in blocking solution) for !2 h at room temperature in the dark. Slides were washed again with PBS and mounted with Vectashield (Vector Laboratories, Burlingame, CA). Slides were evaluated using an upright fluorescent Zeiss Imager ZI microscope (Thornwood, NY) with Green Fluorescent Protein (GFP) filters the following day. 
Acrosome Reaction Assay
Stallion sperm were resuspended in capacitating media for 0 or 6 h. Induction of acrosomal exocytosis was performed by incubating sperm for an additional 30 min in the presence of 50 lM 8pCPT, 3 lM progesterone, 5 lM calcium ionophore A23187 [21] , or an equal volume of vehicle control (dimethyl sulfoxide [DMSO]; 0.5% vol:vol). Sperm were washed with PBS by centrifugation and resuspended in 125 ll of PBS. Acrosomal status of sperm was evaluated with PNA-Alexa 488 (final concentration 0.024 mg/ml) as previously described [21] . Briefly, sperm were incubated for 10 min in the presence of PNA-Alexa 488, washed, fixed with 2% paraformaldehyde for 10 min, washed again, and mounted with Vectashield. Slides were scored (6303) for acrosomal status using the upright fluorescent Zeiss Imager ZI microscope with GFP filters. Two hundred morphologically normal sperm were counted per slide, and evaluation was performed blind of treatment status. Sperm were categorized as acrosome intact, intermediate, or acrosome reacted, as previously described [21] .
Mouse sperm were incubated in capacitating medium for 0 or 1 h. Induction of acrosomal exocytosis was performed by incubating sperm for an additional 10 min in the presence of 50 lM 8pCPT, 20 lM progesterone [36] , or an equal volume of vehicle control (DMSO; 0.5% vol:vol). Sperm were washed with PBS by centrifugation and fixed with 1% paraformaldehyde (400 ll total volume) for 10 min. Sperm were pelleted by centrifugation to remove fixative and washed twice with 500 ll of 100 mM sodium acetate. After the second wash, the supernatant was removed down to ;35 ll, and sperm were smeared onto slides and allowed to air dry. Slides were stained with 0.22% Coomassie blue G250 (wt:vol) in 50% methanol and 10% in acetic acid in a Coplin jar for 10 min. Slides were rinsed with PBS, air dried, and mounted with Mount-Quick (Daido Sangyo Co., Ltd., Tokyo, Japan). Acrosomal status was immediately evaluated using an Olympus BH2 microscope (1003; Center Valley, PA); staining over the acrosome indicated acrosome-intact sperm [37] . Two hundred morphologically normal sperm were counted per slide, and evaluation was performed blind of treatment status.
Membrane Potential Assay in Stallion Sperm Populations
These experiments were performed with either freshly ejaculated stallion semen or semen diluted in INRA 96 Extender (Breeder's Choice, LLC, Aubrey, TX) and cooled to 48C during shipment in an Equitainer (Hamilton Research, Inc., South Hamilton, MA) following standard recommendations for commercial cooled shipment. Fresh semen was washed and processed as described above; cooled semen was washed from extender by dilution in roomtemperature PBS and centrifugation (two to three washes at 500 3 g for 6 min). Sperm were then resuspended at 10 3 10 6 sperm per milliliter (500 ll total volume) in noncapacitating, capacitating, or capacitating medium plus 50 lM 8pCPT and incubated in a 378C water bath. Membrane potential measurements for noncapacitated sperm were taken at time points throughout the experiment, whereas sperm incubated under capacitating conditions with and without 50 lM 8pCPT were evaluated between 3 and 6 h after the initiation of incubation.
Membrane potential was measured as previously described [38] . Prior to E m measurements, sperm were diluted in 1.5 ml total volume of either noncapacitating or capacitating medium. The fluorescent probe DiSC 3 (5) (1 lM final concentration) was added to the sperm suspension, followed by the addition of 1 lM carbonyl cyanide m-chlorophenylhydrazone (final concentration), to collapse mitochondrial membrane potential. After a 10-min incubation with these reagents (378C), sperm suspensions were transferred to a gently stirred cuvette (378C), and the fluorescence was continuously recorded at 620/670 nm (excitation/emission). Calibration was performed as described by Demarco et al. [38] with the addition of 1 lM valinomycin and sequential additions of KCl; membrane potential was then calculated using the Nernst equation and expressed as mV, as previously described [39] .
Statistical Analysis
Raw data for percent acrosome-reacted sperm were transformed using arcsin square root and then analyzed by two-way repeated-measures ANOVA using SigmaStat software version 3.1.1 (San Jose, CA). Raw data for membrane potential was analyzed using a one-way ANOVA; when significant differences were detected (P , 0.05), the Student-Newman-Keuls method was applied to assess all pairwise multiple comparisons.
RESULTS
ADCY10-Generated cAMP Is Required for CapacitationInduced Increases in Protein Tyrosine Phosphorylation in Stallion Sperm
Mammalian sperm incubated under noncapacitating conditions (i.e., without BSA and bicarbonate) do not undergo the time-dependent increases in protein tyrosine phosphorylation [5, 3, 21, 23] that are considered a hallmark of capacitation. In this regard, the ADCY10-specific inhibitor KH7 can abrogate the time-dependent increases in protein tyrosine phosphorylation in mouse sperm incubated in capacitating conditions [24] . Because capacitation-dependent protein tyrosine phosphorylation in stallion sperm requires the presence of bicarbonate in the incubation medium [21] , we hypothesized that KH7 would [24] . Lower concentrations of KH7 (15 and 30 lM) were not sufficient to inhibit tyrosine phosphorylation in stallion sperm (data not shown). This may suggest a more robust control of these pathways in the equine sperm or perhaps inherent differences related to the origin of the sperm samples; that is, ejaculated (equine) vs. epididymal (murine) sperm, thus possibly affecting membrane permeability to KH7.
Although this experiment supports previous studies demonstrating that ADCY10 activation is responsible for protein tyrosine phosphorylation in sperm [6] , we had previously reported that the combination of dbcAMP and IBMX was unable to support time-dependent increases in protein tyrosine phosphorylation in stallion sperm incubated under noncapacitating conditions (that is, in the absence of BSA and/or bicarbonate) [21] . Therefore, we tested the more membranepermeable and phosphodiesterase-resistant cAMP analog cBIMPS. Stallion sperm incubated in noncapacitating MW plus 1 mM cBIMPS demonstrated increases in protein tyrosine phosphorylation equivalent to those observed in sperm incubated under capacitating conditions (Fig. 2) . Altogether, we conclude that ADCY10-dependent cAMP production is required for the downstream capacitation-dependent protein tyrosine phosphorylation cascade in stallion sperm.
Inhibition of PRKACA Blocks the Capacitation-Dependent Increase in Protein Tyrosine Phosphorylation
Sperm capacitation research in several mammalian species points at PRKACA as being the immediate effector of ADCY10-generated cAMP leading to downstream protein tyrosine phosphorylation events [2, 6, 23] . To investigate this, we incubated stallion sperm under capacitating conditions in the presence of a sterified permeable analogue of the PRKACA-specific inhibitor PKI [32] . As shown in Figure  3A , lane 3, 60 lM PKI was required for inhibiting the capacitation-dependent increases in tyrosine phosphorylation in stallion sperm; lower concentrations of PKI (10, 20, and 30 lM) did not have the same inhibitory effect (data not shown). As a control for this pharmacological experiment, mouse sperm were also incubated under capacitating conditions in the presence of PKI. Figure 3B shows that as low as 20 lM PKI kept levels of protein tyrosine phosphorylation in mouse sperm Though these experiments supported the hypothesis that PRKACA activation is responsible for downstream protein tyrosine phosphorylation events in stallion sperm, we wanted to test the possibility that other cAMP targets contribute to these effects. For this purpose, sperm were incubated in capacitating MW with or without the PRKACA inhibitor PKI (60 lM final concentration) and the addition of 1 mM cBIMPS. The addition of cBIMPS to the capacitation medium increased the intensity of bands that showed tyrosine phosphorylation as compared to the capacitating condition alone (Fig. 3A, lane 4) , as expected. Interestingly, in the presence of PKI (40 and 60 lM), sperm incubated with the addition of cBIMPS (Fig. 3A , lanes 5 and 6) still underwent tyrosine phosphorylation to levels markedly higher than those seen in the noncapacitating condition or capacitating condition with the addition of PKI alone. That is, PKI was unable to inhibit protein tyrosine phosphorylation in the presence of cBIMPS; this could suggest that the system was saturated with cAMP or, perhaps, that targets other than PRKACA may be promoting tyrosine phosphorylation events in stallion sperm.
RAPGEF3 and RAPGEF4 Are Present in Stallion and Mouse Sperm
The cAMP-dependent guanine nucleotide exchange factors RAPGEF3 and RAPGEF4 have been recently identified in somatic cells [25] and mammalian sperm [26] [27] [28] . Paired with the results above, we wanted to investigate whether RAPGEF3/ RAPGEF4 may play a role downstream of cAMP in modulating protein tyrosine phosporylation events in stallion sperm.
We first investigated the expression of these proteins via indirect immuofluorescence and confirmed their presence in both stallion and mouse sperm. RAPGEF3 localized to the acrosomal membrane and/or plasma membrane overlying the acrosome and equatorial segment of stallion sperm (Fig. 4A) ; moreover, in agreement with previous reports, RAPGEF3 localized to the acrosomal region of mouse sperm (Fig. 4E ) [26] . RAPGEF4 localized to the membrane overlying the midpiece of both stallion and mouse sperm (Fig. 5, A and E) .
Immunoblotting of sperm extracts was performed using different protein extraction methods and anti-RAPGEF3 or -RAPGEF4 polyclonal antibodies from three different sources as detailed in the Materials and Methods section. This yielded a corresponding to RAPGEF3 and RAPGEF4 proteins, respectively. These bands did not appear when the primary antibodies were omitted (Fig. 6, A and B; lanes 3 [horse], lanes 4 [mouse] ). While full-length RAPGEF3 and RAPGEF4 are 120-126 kDa in size, the observed bands correspond to the predicted sizes of the N-term regulatory subunits for these proteins, as determined by BLAST and BLAT searches of the mouse and horse genomes, respectively [25] (NCBI accession numbers NP_659099 and CAM24393; University of California, Santa Cruz horse genome browser [www.genome.ucsc.edu]). Therefore, we suspect that the protein bands observed in our immunoblotting experiments are most likely degradation products of the full-length RAPGEF3/RAPGEF4 proteins. Because there are no membrane-permeable antagonists for RAPGEF3 or RAPGEF4 available [40] , we used the RAP-GEF3/RAPGEF4-specific cAMP analogue 8pCPT [25] to investigate the potential involvement of these proteins in capacitation-dependent protein tyrosine phosphorylation events. For this purpose, stallion and mouse sperm were incubated under noncapacitating and capacitating conditions with and without the addition of 50 lM 8pCPT for 0, 2, and 4 h (stallion sperm) or 0, 30, and 60 min (mouse sperm). As shown in Figure  7 , there was no discernable effect of 8pCPT on tyrosine phosphorylation in either incubation condition or species. These results support a primary role for a cAMP-PRKACA pathway in driving these events, as reported in other species. 
184
The RAPGEF3/RAPGEF4-Specific cAMP Analogue 8pCPT Induces Acrosomal Exocytosis in Capacitated Stallion and Mouse Sperm Because RAPGEF3 localized to the acrosome (Fig. 4) , we next hypothesized that its activation might play a role in the induction of acrosomal exocytosis in stallion and/or mouse sperm. In support of this, Branham et al. [27] have shown that activation of RAPGEF3/RAPGEF4 via 8pCPT in human spermatozoa contributes to the calcium-dependent phase of the acrosome reaction.
In noncapacitated (0 h) stallion sperm, 8pCPT did not induce acrosomal exocytosis, as shown in Figure 8A (P . 0.05). Conversely, in stallion sperm incubated under capacitating conditions (6 h), addition of 8pCPT (presumably activating RAPGEF3) induced 34.3% acrosomal exocytosis rates, which was higher (P ¼ 0.03) than those obtained in DMSO-vehicle treated controls (24.2%; Fig. 8B ). Moreover, this percentage was similar (P . 0.05) to rates achieved with both progesterone and calcium ionophore (47.9% and 44.5%, respectively; Fig. 8B ). Similarly, in mouse sperm, 8pCPT induced 45% exocytosis rates (Fig. 8C ), which were higher (P ¼ 0.004) than DMSO-treated controls (27.5%) but comparable (P . 0.05) to rates achieved with progesterone (47.9% acrosomal exocytosis). From these studies, we concluded that activation of RAPGEF3 via 8pCPT induces acrosomal exocytosis in capacitated stallion and mouse sperm.
8pCPT Maintains Sperm Plasma Membrane in the Depolarized State
Hyperpolarization of the sperm plasma membrane, which has been demonstrated to occur during capacitation, is required for fertility [38, 39, 41] . Currently, cAMP is believed to play a role in hyperpolarization of the sperm plasma membrane through a PRKACA-mediated pathway [42] ; however, in various somatic cell lines, activation of RAPGEF3/RAPGEF4 via 8pCPT has been shown to have effects on ion channels known to play a role in the modulation of E m [31, [43] [44] [45] . The potential role of RAPGEF3/RAPGEF4 in this event has not been investigated in mammalian sperm. For this purpose, stallion sperm were incubated in noncapacitating, capacitating, and capacitating medium with the addition of 50 lM 8pCPT for up to 6 h. Figure 9 shows representative E m tracings for noncapacitated sperm (Fig. 9A ) and capacitated sperm incubated in the absence (Fig. 9B ) and presence of 8pCPT (Fig. 9C) . Membrane potential of noncapacitated sperm was measured throughout the experiment; E m for sperm incubated under capacitating conditions with and without 8pCPT was measured between 3-6 h after the initiation of incubation. Equine sperm die quickly after undergoing acrosomal exocytosis; therefore, sperm motility was monitored for all conditions prior to recording. Noncapacitated stallion sperm displayed a resting mean E m of À37.11 mV vs. capacitated sperm, which hyperpolarized to À53.74 mV (P ¼ 0.002). Interestingly, when sperm were incubated under capacitating conditions in the presence of 8pCPT, sperm E m was maintained in the depolarized state at À32.06 mV; this result was comparable (P . 0.05) to noncapacitated sperm but different (P , 0.001) from capacitated sperm (Fig. 9D) . Therefore, this experiment not only determined the resting and capacitationassociated E m for stallion sperm, but also demonstrates that RAPGEF3 and/or RAPGEF4 activation play a role in maintaining the sperm plasma membrane in a depolarized state.
DISCUSSION
Our previous work suggested inherent differences in the physiological response of stallion sperm to pharmacological agents used to ascertain the pathways linked to sperm capacitation [21] . Moreover, the recent discovery of cAMPdependent guanine nucleotide exchange factors RAPGEF3 and RAPGEF4 in somatic and germ cells prompted the reevaluation of pathways previously attributed to cAMP-PRKACA activation. Therefore, in this study, we sought to separate the roles of PRKACA and RAPGEF3/RAPGEF4 in the events required to achieve fertilization competency in stallion sperm.
Though it is widely reported that capacitation-dependent protein tyrosine phosphorylation follows a cAMP-PRKACAdriven pathway [6] , we have previously shown that the addition of dbcAMP-IBMX to noncapacitating medium was unable to support time-dependent increases in protein tyrosine phosphorylation in stallion sperm [21] , contrary to what has been shown in all other species studied. This prompted us to further investigate these pathways in stallion sperm. In this study we show that a specific inhibitor of ADCY10, KH7, is able to reduce protein tyrosine phosphorylation to levels similar to those observed in the noncapacitating condition. Notably, the   FIG. 8 . Percentages of acrosomal exocytosis in stallion sperm incubated in noncapacitating (A) and capacitating (B) conditions, and of mouse sperm (C) incubated under capacitating conditions. After the corresponding incubations, sperm were exposed to DMSO (solvent control), calcium ionophore A23187 (CaI), progesterone (P4), or the RAPGEF3/RAPGEF4-specific cAMP analogue 8pCPT. Data are mean 6 SEM; n ¼ 3 ejaculates from 3 different stallions (A, B) ; n ¼ 5 mice (C).
RAPGEF3/4 ROLE IN ACROSOMAL EXOCYTOSIS
higher concentrations of KH7 required to inhibit protein tyrosine phosphorylation in stallion vs. mouse sperm may reflect a more robust control of these pathways and/or may be a consequence of sperm origin, i.e., ejaculated (stallion) vs. epididymal (mouse). Ejaculated stallion sperm are exposed to bicarbonate in seminal plasma and, thus, this may also explain that some levels of protein tyrosine phosphorylation are observed already at time 0 or in samples incubated in noncapacitating conditions, albeit relatively lower than those in the capacitating condition.
Additionally, we suspected that a highly active phosphodiesterase not inhibited by IBMX may have been responsible for the lack of effect observed when incubating stallion sperm in the presence of dbcAMP-IBMX [21] . In support of this assumption, in this study cBIMPS, a nondegradable cAMP analogue, was able to support increases in tyrosine phosphorylation levels in sperm incubated in the absence of BSA and/or bicarbonate. However, because cBIMPS is a nonspecific cAMP analogue, we next tested the role of PRKACA in this pathway. Previous reports show that PKI can inhibit protein tyrosine phosphorylation in mouse sperm; however, in our study PKI was unable to completely abolish time-dependent increases in protein tyrosine phosphorylation in stallion sperm incubated under capacitating conditions, and in particular when cBIMPS was also added to the incubation medium.
The above findings and the recent discovery of RAPGEF3/ RAPGEF4 as downstream effectors of cAMP prompted us to hypothesize that these proteins might play a role in capacitation-associated protein tyrosine phosphorylation in stallion sperm. In one-dimensional gel electrophoresis, however, we were unable to detect any changes in phosphotyrosine levels when the RAPGEF3/RAPGEF4-specific activator 8pCPT was added to the incubation medium in both stallion or mouse sperm. Under capacitating conditions, any additional effects of 8pCPT may have been masked by the already marked levels of protein tyrosine phosphorylation typical of sperm incubated in this condition. Under noncapacitating conditions, the absence of BSA and/or bicarbonate may have precluded appropriate membrane permeability of the cAMP analogue (particularly in stallion sperm, which are ejaculated and, therefore, coated by seminal plasma components). To be certain that our negative results were not due to membrane permeability issues, we incubated stallion sperm under noncapacitating conditions plus 8pCPT in the presence of BSA. Again, we observed no effect of RAPGEF3/RAPGEF4 activation on tyrosine phosphorylation, and levels remained comparable to the noncapacitating condition (data not shown). Moreover, we reasoned that the observation that PKI does not completely inhibit tyrosine phosphorylation in the presence of cBIMPS might have been likely due to the saturation of cAMP out-competing the inhibition of PRKACA. Altogether, these results suggest that RAPGEF3/RAPGEF4 are not involved in the cAMP-induced increase in tyrosine phosphorylation and support the notion that protein tyrosine phosphorylation follows a cAMP-PRKACA-driven pathway in stallion sperm, as reported for other species.
Most notably, addition of 8pCPT induced rates of acrosomal exocytosis in capacitated stallion (34%) and mouse sperm (45%) comparable to those obtained with progesterone and/or calcium ionophore-treated sperm (P . 0.05). Because studies in somatic cells report effects of RAPGEF3/RAPGEF4 activation on specific membrane ion channels [31, [43] [44] [45] and RAPGEF3 localized to the acrosome in this study, we hypothesized a potential link between RAPGEF3 activation, changes in membrane potential, and acrosomal exocytosis.
It has been shown that capacitation-dependent hyperpolarization of the sperm plasma membrane is required for fertility [38] . In the mouse, this represents a change in membrane potential (E m ) from approximately À30 mV to approximately À60 mV, is dependent on the activation of various ion channels, and prepares the sperm for acrosomal exocytosis [39, 42, 46] . We report herein the resting membrane potential of 186 stallion sperm to be À37.11 mV and show that capacitated stallion sperm hyperpolarize to À53.74 mV (P ¼ 0.002). In the mouse this hyperpolarization of the plasma membrane is postulated to occur via cAMP-PRKACA-mediated activation [41] followed by phosphorylation of the cystic fibrosis transmembrane conductor (CFTR). In turn, CFTR activation allows the influx of negatively charged Cl À ions as well as the inhibition of the constitutively active epithelial sodium channels (ENaC), thus preventing the influx of Na þ [39, 40] . Additionally, capacitation-associated increases in intracellular pH activate K þ ATP channels, also contributing to membrane hyperpolarization [45] .
Though RAPGEF3/RAPGEF4 activation with 8pCPT will induce hyperpolarization in cerebellar neurons [43] , in various other excitable and nonexcitable somatic cells, RAPGEF3/ RAPGEF4 activation has been observed to have effects on the abovementioned ion channels such that a depolarization of the plasma membrane would be expected. For instance, in pancreatic beta cells, Kang et al. [31, 44] observed a RAPGEF3/RAPGEF4-mediated inhibition of K þ ATP channels; in rat pulmonary epithelial cells, 8pCPT increased the channel open probability of ENaC [47] ; and, in rat hepatocytes, 8pCPT stimulated an outwardly rectifying Cl À current [48] .
In accordance, we demonstrate herein that incubation of stallion sperm under capacitating conditions in the presence of the RAPGEF3/ RAPGEF4-selective agonist 8pCPT maintained stallion sperm E m in the depolarized state, thus precluding membrane hyperpolarization as observed under the capacitating conditions. Interestingly, previous work suggests that zona pellucida (ZP3)-induced acrosomal exocytosis results from plasma membrane depolarization [42, 46] . In this model, capacitation-dependent hyperpolarization results in the recruitment of low voltage-activated (LVA) T-type ion channels, which are then available for activation. Contact with ZP3 stimulates membrane depolarization and opening of LVA channels, thus resulting in calcium influx and the initiation of acrosomal exocytosis [42] . In our study, 1) RAPGEF3 localized to the acrosomal region of stallion and mouse sperm, 2) 8pCPT induced acrosomal exocytosis in capacitated stallion and mouse sperm, 3) 8pCPT did not induce acrosomal exocytosis in noncapacitated stallion sperm, and 4) 8pCPT maintained the stallion sperm membrane in the depolarized state. Based on these observations, we hypothesize that ZP3-directed RAP-GEF3 activation is involved in the acrosome reactionassociated membrane depolarization possibly through its effects upon yet undetermined ion channels. This, in turn, may lead to the activation of LVA channels previously recruited as a result of capacitation-dependent hyperpolarization, followed by a sudden calcium influx and acrosomal exocytosis. Previous studies have demonstrated the presence of ENaC-d in the acrosomal region of mouse sperm [38] , colocalizing this ion channel with RAPGEF3. Additionally, ENaC-a localized to the midpiece of mouse sperm [38] and CFTR to the midpiece of both human and mouse sperm [41] , colocalizing these ion channels with RAPGEF4. We therefore speculate that these ion channels could contribute to RAP-GEF3-mediated changes in E m and acrosomal exocytosis; future studies should aim at identifying the particular ion channels through which RAPGEF3 and/or RAPGEF4 may facilitate sperm membrane depolarization. Moreover, a voltage-gated proton channel (Hv1), an H þ extrusion channel, has been recently identified as a major player in the alkalinization of CatSper channels and the subsequent Ca 2þ influx required for sperm hyperactivation. Interestingly, this Hv1 channel is activated by membrane depolarization. Therefore, we cannot disregard the possibility that this and other ion channels may be identified as playing a role in our hypothesized pathway in future research [49] .
Altogether, the results of this study present a novel role for cAMP-activated RAPGEF3/RAPGEF4 in mammalian sperm physiology, as it pertains to a role in acrosomal exocytosis and its effects on membrane potential. These results highlight the importance of contrasting the effects of RAPGEF3/RAPGEF4 and PRKACA, as both are cAMP-dependent proteins potentially playing specific and diverging roles in the events that lead to the acquisition of fertilization competency. Moreover, the dichotomy of different pathways (PRKACA vs. RAPGEF3/ RAPGEF4) stemming from a common activator (cAMP) directing two different events-capacitation vs. acrosomal exocytosis-emphasizes the notion that sperm are highly specialized and compartmentalized cells. Future studies should be directed toward investigating the channels affected by RAPGEF3/RAPGEF4 activation and the resulting sperm membrane depolarization.
